In spite of their interest, viscosities of fluorocarbon compounds are scarce, and the available data are unreliable and of poor accuracy. In this work, viscosity measurements of linear, cyclic, aromatic, and R-substituted perfluorocarbons were carried out in the temperature range between (298.15 and 318.15) K using an Ubbelohde viscometer. The experimental results show that fluorinated compounds present viscosities considerably higher than their hydrocarbon homologues as expected. The viscosities increase from linear to aromatic to cyclic perfluorocarbons and within each family with the molecule size. The R-fluorine substitution by bromine increases the fluorocarbon viscosity due to the molecular weight increase. The Sastri-Rao method, a group contribution method for the liquid viscosity prediction, was applied for all the fluorocarbons where the viscosity was experimentally measured in this work. Using the new experimental data from this work, new group contribution values are proposed for fluorocarbon compounds allowing for a reduction of the average relative deviation from 12.0 % to 1.3 %.
Introduction
Fluorocarbons (FCs) and perfluorocarbons (PFCs) are petroleum-based compounds synthesized by substitution of the hydrogen atoms of hydrocarbons by fluorine. PFCs are biochemically stable due to their strong intramolecular forces and their steric protection afforded by the fluorine atoms. Besides, they present weak intermolecular interactions that confer them the ability to dissolve large quantities of gases. [1] [2] [3] [4] [5] [6] [7] [8] The atypical physicochemical properties of PFCs make them extremely interesting from the scientific point of view, and they have given rise to the development of valuable applications in various fields. They are being extensively studied as surfactants in supercritical solvents, substitutes for chlorinated solvents, environmental probes to determine the exchanges between the atmosphere and natural waters, anticorrosive and antifriction components, flameretardants, and water repellents. It is, however, in the biomedical field that their most relevant applications are found. PFCs are currently being used in tissue oxygenation as blood substitutes, as antitumural agents, perfusates for isolated organs, gas carriers in eye surgery, diagnostic imaging agents, lubrication and cushioning for articular disorders, cell culture media, and drug delivery systems. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The various novel applications which fluorocompounds are finding are directly related to the unique thermophysical properties displayed by these compounds. Given the capacity of fluorocarbons to dissolve large volumes of gases such as carbon dioxide 8 and oxygen, [2] [3] [4] [5] [6] one of their interesting applications is as oxygen carriers both as synthetic blood substitutes 9 and in aerobic cells culture media. 11, 12 These applications, where mass-transfer operations are involved, require accurate thermophysical data of pure liquid fluorocompounds. Fluorocarbon viscosities are particularly important as they determine the rheological behavior in their emulsion formulations 9 and the gases permeability in the fluid controlling the mass transfer rates.
Although other thermophysical properties of FCs have been recently reported in the literature, such as densities, 14 vapor pressures, 14 and surface tensions, 15 the available viscosity data of liquid fluorocarbons are still scarce and of low accuracy. [16] [17] [18] In the framework of our project concerning the aeration improvement of multiphase biological reactors, 19 it was found to be important to have new and high-quality viscosity data for these compounds that could only be achieved due to the highpurity compounds available nowadays. In this work, kinematic viscosities were measured, as a function of temperature, using an Ubbelohde viscometer for linear, cyclic, aromatic, and one R-substituted PFC.
Experimental measurements are time consuming and often expensive, thus promoting the development and application of correlations and/or models. The Satri-Rao method (1992), [20] [21] [22] a group contribution method commonly used to estimate low-temperature liquid viscosities, was here applied for all the fluorocarbons where the viscosity was experimentally measured. Original values for the functional group contributions were taken from the open literature [20] [21] [22] when available, and new values for the group contributions are also proposed in this work, due to the availability of more recent and reliable experimental data.
Experimental Section
Materials. Viscosities were measured for four n-perfluoroalkanes, two cyclic and two aromatic perfluorocompounds, and one R-substituted fluorooctane. The fluorocarbons were used without any further purification, with the exception of C 10 F 18 that was purified by passage through a silica column (ca. 10 times) according the suggestions from Gaonkar and Newman 23 and Goebel and Lunkenheimer. 24 The initial purity of this compound was 97.75 wt %, and after purification, it was 99.88 wt %, as determined by gas chromatography (GC). Experimental Procedure. The purity of each compound was analyzed by GC with a Varian Gas Chromatograph CP 3800 with a flame ionization detector. Chromatographic separations were accomplished with a Varian CP-Wax 52CB column with an internal diameter of 0.53 mm and equipped with Coating WCot fused silica.
The experimental viscosity measurements were carried out for each fluorocompound in the temperature range from (298.15 to 318.15) K and at atmospheric pressure. The kinematic viscosities, ν, were measured using an Ubbelohde viscometer with a Schott-Geräte automatic measuring unit model AVS-470, for which the uncertainty in the flow time of measurement is ( 0.01 s. The viscometer AVS 470 is coupled to a Visco System, a Visco pump II, and a head controller bath CT52, all from SCHOTT instruments. The liquid under measurement was kept thermostatized in the glass capillary by means of a water bath. The temperature was measured with a platinum resistance probe, with an uncertainty of ( 0.01 K, coupled with a GW Instek Dual Display Digital Multimeter GDM-845. The viscometer constant was validated and checked with pure compounds (methanol and propan-1-ol from (298.15 to 323.15) K) viscosity measurements. Furthermore, kinetic energy corrections were applied to the experimental kinematic viscosity data.
For each sample at a specific temperature, at least five individual measurements were performed, allowing the determination of an average viscosity value as well as the associated expanded uncertainty of the experimental measurements.
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Results and Discussion
Viscosity Measurements. The viscosities were measured in the temperature range between (298.15 and 318.15) K and at atmospheric pressure for four linear n-perfluoroalkanes (C 6 F 14 , C 7 F 16 , C 8 F 18 , C 9 F 20 ), two cyclic perfluorocarbons (C 7 F 14 and C 10 F 18 ), two aromatic perfluorocarbons (C 6 F 6 and C 7 F 8 ), and one R-substituted fluorocompound (C 8 F 17 Br). The kinematic viscosity was measured with the equipment described above and then converted to dynamic or absolute viscosity multiplying the kinematic viscosity by the corresponding density value at each temperature and for each individual compound. The pure liquid densities were taken from Dias et al. 14, 27, 28 The dynamic viscosity data were compared with the literature data whenever possible. [16] [17] [18] The relative deviations between the dynamic viscosities measured in this work and those reported by other authors are presented in Figure 1 . Deviations in the range (5 to 13) % are observed and are fairly constant in the studied temperature interval, with the exception of the highest temperature. Unfortunately, due to the lack of experimental data, no direct comparison between the different authors is possible. It should be mentioned that the available data are 50 to 60 years old and of poor accuracy, and the compounds used were of lower purity. [16] [17] [18] Moreover, the dynamic viscosity requires density data of the compounds under study, and the authors of the previous studies obtained these from experimental measurements using pycnometers. Thus, compounds of higher purity, the use of accurate fluorocarbons densities, 14, 27, 28 and the automated viscometer allow more accurate measurements of PFC and FC dynamic viscosities.
Kinematic and dynamic viscosity results for the linear, cyclic, aromatic, and substituted FCs are reported in Tables  1 and 2 . The data present a good precision, with small associated expanded uncertainties for each compound and at each temperature. Comparing the obtained dynamic viscosities for perfluorocarbon compounds with those exhibited by the corresponding hydrocarbons, it can be concluded that fluorocarbon dynamic viscosities are higher than for the corresponding hydrocarbons, with C 6 F 14 presenting a viscosity value close to C 9 H 20 at room temperature. 29 This behavior was also previously observed for the gaseous hydrocarbonated and perfluorinated methane and propane. 30 In fact, the higher viscosities of PFCs related to their hydrocarbon analogues are the direct result of the PFC's higher molecular weight. 22 The measured values of n-perfluoroalkane dynamic viscosities show that they are strongly dependent on the carbon number, similar to what is observed for hydrocarbons, but with a more pronounced temperature dependency, which is a reflection of their lower intermolecular forces when compared with the corresponding nonfluorinated molecules. 29 Comparing the viscosity of C 8 F 17 Br with the respective fully fluorinated octadecafluorooctane, it can be seen that the inclusion of a less electronegative and heavier heteroatom leads to an increase in the viscosity. 31 For the cyclic and aromatic perfluorocompounds, the viscosities are also higher than for the n-perfluoroalkanes with the same carbon number. The highest PFC viscosities were observed for perfluorodecalin, a bicyclic compound. For all the families, the trend of increasing viscosities with the carbon number increase was observed. This is due to the fact that molecules with longer chains can move less freely, and the friction is therefore higher. From the results obtained, it is clear that the molecular structure is the major factor determining viscosity.
For all the FCs studied within this work, the viscosity temperature dependence for the experimental 20 K temperature range follows an Arrhenius-type law, as described by eq 1 and presented in Figure 2 .
where η is the dynamic viscosity; η 0 is the pre-exponential factor, E η is the activation energy of each fluid; R is the ideal gas constant; and T is the temperature.
The results of the activation energies obtained from the linear fit and the respective associated uncertainty at 95 % confidence level 32 are presented in Table 3 for each FC studied. This linear fit can be of substantial benefit for predicting FC viscosities at temperatures where experimental data are not available. As verified before for n-alkanes and linear polyethylene, 33 the activation energy increases with chain length and/or molecular weight within the same family. The only family that does not follow this trend is the aromatic family. The methyl substitution in the aromatic ring leads to a decrease in the activation energy, probably due to an entropic effect that decreases the intermolecular interactions between aromatic rings. Furthermore, the inclusion of a less electronegative bromide atom in the perfluorooctane leads to an increase in the activation energy, which arises from the dipole creation at the molecule that further promotes the intermolecular interactions. 31 For the n-perfluoroalkane family, a correlation between the viscosity data and their molecular weight for all temperatures was observed, as depicted in Figure 3 . Using this approach, it is thus possible to predict the dynamic viscosity of linear perfluoroalkanes when no experimental data are available.
Sastri-Rao 20 Method. The Satri-Rao method (1992) [20] [21] [22] is a group contribution method used to estimate low-temperature liquid viscosities. The pure liquid viscosity is related to its vapor pressure at each temperature using the normal boiling point as the reference point, as described by eq 2
where η (mPa · s) is the pure liquid viscosity; η B (mPa · s) is the viscosity at the normal boiling point; P vp (atm) is the vapor pressure of each liquid; and N is a fitted index. For temperatures below the normal boiling point, Sastri and Rao [20] [21] [22] proposed the following equation to determine the vapor pressure ln P vp ) (4.5398
where T (K) is the temperature of interest and T b (K) is the normal boiling point of each liquid. The contributions of the functional groups to η B and N are generally cumulative, but for compounds with more than one identical functional group, its contributions to N should be taken only once unless otherwise mentioned. The η B and N are determined by the following eqs
The correlation between pure liquid viscosity and the vapor pressure of each liquid was applied for all the fluorocarbons and temperatures experimentally studied, as described by eqs 2 to 5. The normal boiling point of each liquid fluorocompound required to determine the vapor pressure was taken from the literature and is reported in Table 3 . 29, 34 The Sastri-Rao Table 4 . The average relative deviation of the correlation using these new proposed values in respect to experimental data is 1.3 %. These new values for the group contribution parameters should allow the prediction of viscosities for members of the fluorocompoud family for which the experimental data are very scarce. 
Conclusions
Original experimental dynamic viscosity data for C 6 F 14 to C 9 F 20 n-perfluoroalkanes, two cyclic (C 7 F 14 and C 10 F 18 ), two aromatic (C 6 F 6 and C 7 F 8 ), and one R-substituted fluorocompound (C 8 F 17 Br) measured in the temperature range from (298.15 to 318.15) K using an Ubbelohde viscometer are presented. The FCs studied present higher viscosities than their alkane homologues, due to their higher molecular weight. Within the same family, the viscosity increases with the carbon number, and for the same number of carbon atoms, the viscosity increases from linear to aromatic to cyclic PFCs. Substitution of fluorine by the heavier atom bromine in the same chain molecule increases the viscosity. An Arrhenius-type behavior for the viscosity dependence with temperature was verified for all the studied FCs. A linear relationship between the viscosity and the molecular weight of n-perfluoroalkanes was also observed. The Sastri-Rao method 20 was used to correlate viscosity as a function of temperature using functional group contribution values for the studied fluorocompounds. New group contribution values were proposed leading to a decrease of the average relative deviation from 12.0 % to 1.3 % with respect to the experimental viscosity data.
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